Both neurons and glial cells are derived from neural precursor cells in the ventricular zone during brain development. The fate of the neural precursor cells is affected by neurotransmitters such as glutamate. In this study, we examined glutamate-triggered intracellular Ca 2+ signaling in neural precursor cell lines by the calcium digital imaging method. When immortalized primary-cultured neural precursor cells were treated with glutamate, a subpopulation of these cells showed an increase in intracellular Ca 2+ concentration. In an effort to determine the role of the glutamate-triggered intracellular Ca 2+ signal in neural precursor cells, we tried to culture immortalized basal ganglial and hippocampal neural precursor cell lines in glutamate-free medium. The hippocampal (MHP-2) cells became adapted to the glutamate-free medium, and when treated with glutamate the adapted subline (MHP-2-E1) showed an increase in intracellular Ca 2+ concentration. In contrast, the basal ganglial neural precursor cell lines failed to become adapted to the glutamate-free medium. These results suggest that hippocampal and basal ganglial neural precursor cells differ in their cellular response to glutamate as an exogenous stimulus.
Introduction
The mature nervous system is composed of a large number of terminally differentiated neuronal and glial cell types, which develop from precursor cells in the embryonic nervous system (McKay, 1997) . In the developing brain, the neural precursor cells are proliferating in the ventricular zone and committed cells exit the cell cycle and then differentiate into neurons or glial cells. In a previous study, we isolated immortalized neural precursor cell lines from distinct regions of developing brain, the basal ganglia and hippocampus (Yamada et al., 1999; Kaji et al., submitted) .
The most remarkable feature of the immortalized neural precursor cells is their ability to integrate and differentiate after implantation into an adult brain (Lundberg et al., 1997) . In addition, in vitro expandedneural precursor cells can serve as donor cells for neural implantation (Suhonen et al., 1996; Studer et al., 1998) . This offers hope for brain repair. It has been proposed that neural precursor cells respond to persistent neuronal differentiation cues in the adult CNS. Glutamate is an excitatory neurotransmitter, released from nerve termini in a process dependent on neural activity. A recent study has shown that glutamate can regulate the differentiation of neural precursor cells both in vitro and in vivo (LoTurco et al., 1995) . Upon neural implantation, the fate of neural precursor cells would be regulated by glutamate. In this study, we used both hippocampal and basal ganglial immortalized neural precursor cells to assess the role of glutamate in the cellular response of neural precursor cells.
Materials and methods

Cell culture
Immortalized neural precursor cells were grown in DMEM/F12 medium supplemented with 10% heatinactivated fetal calf serum (FCS), 10 ng/ml bFGF and 1 µM β-estradiol in plastic plates precoated with 15 µg/ml poly-L-ornithine and 1 µg/ml fibronectin. The cells were also cultured in N2-supplemented DMEM/F12 medium supplemented with 10 ng/ml bFGF. To allow the cells to adjust to glutamatefree culture conditions, the neural precursor cells were plated in 6-well precoated plates containing a glutamate-free Neurobasal medium (Gibco BRL, Gaithersburg, MD) supplemented with 10% FCS which had been dialyzed to eliminate glutamate. To promote differentiation, the cells expanded in N2-supplemented Neurobasal medium supplemented with 10 ng/ml bFGF were further cultured in the absence of bFGF.
Using ICR strain mice (Sankyo Labo Service, Tokyo, Japan), the telencephalon was dissected from embryonic day 14.5 embryos. The telencephalon was then placed in ice-cold HBSS, and triturated using a P-1000 Pipetman pipette. After centrifugation at 4 • C, the cell pellet was resuspended in 5 ml of N2-DMEM/F12 medium supplemented with 10 ng/ml bFGF. The cells were plated in 10-cm dishes coated with 15 µg/ml poly-L-ornithine and 1 µg/ml fibronectin and cultured for 4 days. For passage, cells were incubated with 10 ml of HBSS for 15 min and gently harvested using a 10 ml pipette. The resulting cells were a homogeneous population of neural precursor cells (Vicario-Abejon et al., 1995) .
Establishment of the immortalized neural precursor cell lines
Proliferating telencephalic cells were infected with a retroviral vector harboring a MycER fusion gene, where activation of the Myc-protein is induced by estrogen (Eiler et al., 1989) . At 24 h after infection, the cells were placed under drug selection in N2-DMEM/F12 medium in the presence of bFGF and estrogen. After cloning and long-term culture, colonies of proliferating cells were picked up and expanded. Myc-ER integration and clonality were analyzed by Southern blotting. Full expansion of isolated cells often required the presence of fetal bovine serum. After clonal expansion, differentiation was induced to identify the immortal line (Kaji et al., submitted).
Measurement of intracellular Ca 2+ concentration
For measurement of intracellular Ca 2+ concentration ([Ca 2+ ] i ), the cells were replated on an polyornithineand fibronectin-coated glass coverslip with a silicone rubber wall at a density of 5 × 10 4 cells/well as Figure 3 . Procedure used for adaptation of MHP-2 cells to glutamate-free medium. Glu + denotes glutamate-containing DMEM/F12 medium supplemented with 10% FCS, 10 ng/ml bFGF and 1 µM β-estradiol. Glu − denotes Neurobasal medium supplemented with 10% dialyzed FCS, 500 µM L-glutamine, 10 ng/ml bFGF and 1 µM β-estradiol. First, MHP-2 cells were seeded at a density of 4 × 10 5 cells/6-well plate in Glu + medium. The following day the medium was changed to Glu + :Glu − = 1:4 medium. After 6 days of culture, the cells were collected and the population was split into two wells. One portion of the population (shown on the left side) was cultured in Glu + :Glu − = 1:9 medium for 4 days and then cultured in Glu + :Glu − = 1:99 medium for another 3 days. The other (shown on the right side) was cultured in Glu − medium for 7 days. Finally both populations of proliferating cells were collected and expanded for analysis. The resulting subline was designated MHP-2-E1. described previously (Yamada et al., 1999) . Neural precursor cells were exposed for 45 min to 7.5 µM Fura 2 acetoxymethyl ester (Fura 2-AM) dissolved in a balanced salt solution (BSS) consisting of 130 mM NaCl, 5.4 mM KCl, 2.0 mM CaCl 2 , 5.5 mM glucose and 10 mM HEPES-5.0 mM NaOH-HCl (pH 7.3). The Fura 2-loaded cells were placed on the stage of an inverted fluorescence microscope (TMD300, Nikon, Tokyo, Japan) and perfused with BSS at a rate of 2 ml/min at room temperature. Fluorescence images of Fura 2-loaded cultured cells, alternately illumin- ated with excitation light at a wavelength of 340 or 380 nm, were obtained through an objective lens and an emission filter (510-550 nm), captured by a siliconintensified-target video camera (C2400-8, Hamamatsu Photonics, Hamamatsu, Japan), digitized by an image processor (Argus 50/CA, Hamamatsu Photonics) and fed into a personal computer. Fluorescence images at 340 nm excitation (F340) were divided by those at 380 nm excitation (F380) by means of the computer and image processor, and the ratio images (F340/F380) were displayed as pseudocolor images (Yamada et al., 1999) .
Immunostaining
Cultured cells were fixed with 4% paraformaldehyde/PBS and subjected to indirect immunohistochemistry. The cells were treated with 3% normal goat serum in a solution of 0.1% Triton X-100 diluted in PBS for 2 h at room temperature for blocking, and incubated overnight with monoclonal anti-MAP-2 (1:500; Sigma, St. Louis, MO, USA) antibody at 4 • C. The following day, after washing with PBS three times, anti-mouse-Ig-biotin was added and the cells were incubated for 2 h at room temperature. Thereafter, the cells were washed and incubated with avidin-HRP, then treated with DAB for color development as described previously (Yamada et al., 1999) .
Results and discussion
Glutamate triggers elevation of intracellular Ca 2+ concentration ([Ca 2+ ] i ) in immortalized neural precursor cells
To assess whether glutamate triggers [Ca 2+ ] i elevation in immortalized neural precursor cells, both hippocampal (MHP-2) and basal ganglial (MSP-1 and MSP-14) neural precursor cells were cultured for 4 days on polyornithine-and fibronectin-coated glass coverslips with a silicon rubber wall in N2-supplemented DMEM/F12 medium containing 10 ng/ml bFGF. Figure 1D , the onset of the increase in intracellular Ca 2+ levels was correlated with the application of glutamate. Similar results were obtained using another basal ganglial cell line, MSP-14 and hippocampal cell line, MHP-2 (data not shown). These findings clearly show that glutamate triggers elevation of [Ca 2+ ] i in immortalized neural precursor cells.
Glutamate triggers elevation of [Ca 2+ ] i in primary-cultured neural precursor cells
To further confirm the finding that glutamate triggers elevation of [Ca 2+ ] i in neural precursor cells, primarycultured neural precursor cells from ICR mouse E14.5 telencephalon were plated on coverslips and cultured for 4 days. As shown in Figure 2 , neural precursor cells showed an increase in [Ca 2+ ] i , evoked by glutamate. To evaluate the role of glutamate in neural precursor cell function, the primary neural precursor cells were seeded in glutamate-free medium; however, no viable cells were detected after 4 days of cultivation. This implies that glutamate may play a role essential to the survival of primary neural precursor cells.
Adaptation of immortalized hippocampal neural precursor cells to glutamate-free medium
Glutamate interacts with neural cells via a wide variety of receptor molecules. The glutamate receptors expressed on the cell membrane include 14 ionotropic and 8 metabotropic glutamate receptor molecules (Paas, 1998) . Each of these molecules has a unique binding site for glutamate, therefore, no antagonist capable of blocking the binding of glutamate to all of the glutamate receptors has been obtained. To evaluate the role of glutamate in the cellular response of neural precursor cells, it seems necessary to develop an in vitro system in which glutamate is absent from the culture medium.
Normally, both the hippocampal and basal ganglial neural precursor cell lines, MHP-2, MSP-1 and MSP-14 were cultured in N2-supplemented DMEM/F12 plus 10% FCS and bFGF, and this medium contains approximately 100 µM of glutamate. A glutamatefree-Neurobasal medium (Life Technologies, Gaithersberg, MD, USA) supplemented with dialyzed FCS was used for adaptation of the cells to glutamate-free culture conditions. The procedure for adaptation is shown in Figure 3 . Using this procedure, the MHP-2 line was able to adapt to the glutamate-free medium and the resulting subline was designated MHP-2-E1. On the other hand, the MSP-1 line failed to survive the change in media. The MSP-14 line, although survived in the glutamate-free media, it did not differentiate to neurons.
To assess whether the MHP-2-E1 cells are comparable to the parental MHP-2 cells, MHP-2-E1 cells were cultured in N2-supplemented serum-free Neurobasal medium with bFGF for 10 days at different cell densities. The growing cells were comparable to the parental MHP-2 cells (Kaji et al., submitted). To evaluate the neuronal differentiation of MHP-2-E1 cells, the culture was expanded for 5 days in the presence of bFGF then bFGF was withdrawn for 4 days to promote differentiation. As shown in Figure 4 , the neuronal differentiation of MHP-2-E1 cells was similar to that of the parental MHP-2 cells (Kaji et al., submitted) . MHP-2-E1 is a line of hippocampal neural precursor cells capable of growth in glutamate-free media.
The role of glutamate in the cellular response of neural precursor cells
To analyze the role of glutamate in the cellular response of hippocampal neural precursor cells, MHP-2-E1 cells expanded in the presence of bFGF were seeded on coverslips and cultured for 4 days. If glutamate serves to modulate proliferation and differentiation of neural precursor cells, glutamate may induce a different pattern of changes in [Ca 2+ ] i as compared with cells in a conventional culture system (Figures 1 and 2) .
As shown in Figure 5 , the population of MHP-2-E1 cells showed an increase in [Ca 2+ ] i evoked by glutamate, similar to the case of the basal ganglial precursor cell line and primary-cultured cells. In view of these results, taken together, it is proposed that glutamate triggers elevation of [Ca 2+ ] i in a population of neural precursor cells which is not dependent on the presence of glutamate in the culture medium. And only immortalized hippocampal precursor cells, not immortalized basal ganglial precursor cells, were able to culture in the absence of glutamate. Perhaps hippocampal and basal ganglial neural precursor cells differ in their cellular response to glutamate as an exogenous stimulus.
Interaction between glutamate and neural precursor cells
We and others have shown that glutamate affects the fate of neural precursor cells (LoTurco et al., 1995; LaMantia, 1995; and this study) . Glutamate interacts with neural cells via a wide variety of receptor molecules (Paas, 1998) , ionotropic glutamate receptors (NMDA-type and AMPA/kainate-type) and metabotropic glutamate receptors (mGluR group 1-3). Neural precursor cells have been reported to possess the AMPA/kainate type glutamate receptor on their cell surface (Herb et al., 1992; LoTurco et al., 1995) ; however, our preliminary results suggest that neither AMPA nor kainate triggers elevation of [Ca 2+ ] i in immortalized neural precursor cells. In addition, others have reported that NMDA did not trigger elevation of [Ca 2+ ] i in neural precursor cells (LoTurco et al., 1995; Yamada et al., 1999) . The glutamate-triggered elevation of [Ca 2+ ] i in neural precursor cells observed in the present study may occur via group 1 metabotropic glutamate-receptors, mGluR1 and mGluR5, which couple with Gq type protein followed by production of IP 3 (Joly et al., 1995) . IP 3 triggers Ca 2+ release from the endoplasmic reticulum via the IP 3 receptor (Pin et al., 1992) . We have tried to stain group 1 metabotropic glutamate-receptors, mGluR1 and mGluR5, using antibodies. But the staining was not strong enough to distinguish the resposive cells from the non-responsive cells. The calcium digital imaging might be more sensitive for the detection of the resposive cells.
It seems that the source of glutamate for neural precursor cells in the ventricular zone of the developing brain is the premature neural circuit or circulating cerebrospinal fluid (LaMantia, 1995) , since extracellular glutamate in neural tissue is maintained at a very low level by glutamate transporter molecules expressed on neural cells (Bar-Peled et al., 1997) . The most remarkable feature of neural precursor cells is their potential for brain repair (McKay, 1997) . Upon implantation of neural precursor cells into the brain, it must noted that the needle track allows cerebrospinal fluid to flow into the region where the implant resides in the recipient brain. In cerebrospinal fluid, the concentration of glutamate is around 30 µM (Ferrarese et al., 1993) , which is sufficient to trigger the glutamatereceptor on implanted neural precursor cells. Recently, Johansson et al. (1999) have reported the identification of a neural precursor cell in the adult brain (Johansson et al., 1999) . Very surprisingly, they demonstrated that ependymal cells, which comprise the ventricular system of the brain and which face the cerebrospinal fluid, are neural precursor cells. These observations clearly show that neural precursor cells are exposed to glutamate in vivo. We are in the process of studying the molecular basis of the increase in [Ca 2+ ] i triggered by glutamate, using the hippocampal neural precursor cell line MHP-2-E1, in a new culture system.
